Symbiosomespecific vesicle trafficking
NCRs N U C L E U S C Y T O P L A S M P L A N T P M P L A N T C E L L WA L
Nodulation (nod) genes
Enzymes that synthesize Nod factor Root hair The nitrogen-fi xing Rhizobium-legume partnership is presently the best understood of all host-microbe symbioses. Bacterial and plant partners signal across developmental time and space. Genetics together with cellular and biochemical analyses reveal details of these exchanges (Long et al., 2015) . Examples here are drawn in particular from the Sinorhizobium meliloti-Medicago (M. sativa, M. truncatula) and Mesorhizobium-Lotus japonicus symbioses. Legumes export the fi rst signals: in M. sativa, fl avonoids such as luteolin interact with a Sinorhizobium meliloti transcription factor, NodD (Peck et al., 2013) , to activate transcription of rhizobial nod (nodulation) genes. These encode enzymes that synthesize Nod factor (NF). Common nod genes direct synthesis of the NF chito-oligomeric backbone and attach an N-acyl group; host-specifi c nod genes specify side-group additions (Long et al., 2015) .
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L E G U M E R O O T L E G U M E R O O T
Initial interaction
Infection thread formation
The NF signal is perceived and transduced by plant proteins, including an entry receptor and a signaling receptor that feature three extracellular LysM domains (Gough and Jacquet, 2013) . A third protein (SymRK) has extracellular LRR-repeat motifs. These appear to form a heterotrimeric complex with kinase activity (Moling et al., 2014) . The receptors confer specifi city for a particular structure of NF; the varying side groups on NF are responsible for binding/signaling specifi city. By unknown intermediaries, receptor-NF interaction causes ionic and molecular events to occur in the plant nucleus, prominently calcium (Ca) spiking that is decoded by a Ca-Calmodulin-dependent protein kinase (CCamK), Cyclops, and other proteins, including specifi c transcription factors (Oldroyd, 2013) NF receptors are expressed constitutively, but their localization is affected by the presence of NF molecules. On the cytoplasmic face of the plant membrane, membraneassociated proteins including fl otillins and remorins are likely to form complexes including the NF receptors; they may facilitate interaction between the NF receptors, cytoskeleton arrays, and cell wall synthesis machinery (Konrad et al., 2014) .
While NF is suffi cient to cause morphogenesis and early gene expression, live bacteria producing extracellular polysaccharides (EPS) are required for actual infection. In S. meliloti, genes encoding EPS biosynthetic enzymes (Jones et al., 2007) are co-regulated by a two-component regulatory cascade. Transcription factor ChvI is phosphorylated by sensor histidine kinase ExoS; in turn, ExoS is inhibited by a periplasmic regulatory protein ExoR. In addition to regulating EPS, the ExoR-ExoS-ChvI system acts as a master switch controlling sessile versus motile habit and other functions (Chen et al., 2009) . The extracellular signals controlling this circuit are not known. Bacterial EPS may have multiple roles, including some requiring structural specifi city. In Lotus, a LysM-domain receptor kinase discriminates between normal and altered-structure EPS (Kawaharada et al., 2015) . This receptor, ESR3, is produced as a result of early NF signaling.
Infection is accomplished through a unique process in which the bacteria stimulate the plant to form an infection thread composed of growing plant cell wall and membrane (Xie et al. 2012) . The growing infection thread must interact dynamically with the cytoskeleton and cell membrane and wall synthesis machineries, but clues about this process are scant. The infection thread often initiates in a root hair and elongates through the length of the cell, eventually emerging into the apoplastic (intercellular) space, from which it invades further cell layers.
In plant cells deeper in the emerging nodule, the infection thread stops elongating. Bacteria are taken up into membrane vesicles formed by plant plasma membrane, an endocytosis process otherwise unknown in plants. The plant membrane surrounding the bacteria acquires a novel compartmental identity (Pan et al., 2016) , the symbiosome. Newly expressed plant proteins control bacterial activity: leghemoglobin (Lb) and nodule-specifi c cysteine-rich (NCR) peptides. NCRs, present in Medicago but not Lotus, control bacterial cell division and differentiation (Maróti et al., 2015) . S. meliloti consequently ceases cell division, endoduplicates its genome, and undergoes morphological differentiation. Leghemoglobin binds molecular oxygen, allowing a high concentration of oxygen but low free [O 2 ]. This decrease activates FixL, a hemoprotein sensor kinase, which phosphorylates transcription factor FixJ, thus activating expression of nitrogen-fi xation genes. A specialized bacterial cytochrome system and metabolic pathways that export net nitrogen in exchange for plant carbohydrates adapt the bacteria for its new niche as an organelle supplying nutrition to the host cell. The plant expresses symbiosisspecifi c N-assimilation pathways and exports N-rich compounds to the rest of the plant. The exchange of carbon for nitrogen underlies the astonishing evolutionary success and diversity of the legume family and its importance in sustainable agriculture and ecosystem health.
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